Introduction
In the mammalian brain, long-term potentiation (LTP) has been proposed as a synaptic mechanism underlying memory formation (Bliss and Collingridge, 1993) . LTP has been most extensively studied in the Schaffer collateral-CA1 pathway of hippocampus, where it is generally accepted that the primary event in the induction of LTP is the elevation of postsynaptic Ca*+ (Lynch et al., 1983; Malenka et al., 1988 Malenka et al., , 1992 . The Ca2' signal may be transmitted through the activation of Ca'+/calmodulin-dependent protein kinase II (CaMKII; Silva et al., 1992; Pettit et al., 1994) . Other protein kinases implicated in LTP include protein kinase C (PKC; Malinow et al., 1989; Hvalby et al., 1994) and CAMP-dependent protein kinase (PKA; Frey et al., 1993) .
The CAMP signal transduction pathway is important for learning and memory in a wide variety of species (Bourtchuladze et al., 1994; Frank and Greenberg, 1994; Huang et al., 1994) . Mutational inactivation of calmodulinstimulated adenylyl cyclase interferes with early memory in Drosophila (Levin et al., 1992) and genetic knockout of CAMP response element-binding protein (CREB) in Drosophila has been shown to affect late memory (Yin et al., 1994) . These observations suggest that the CAMP pathway may play a role in multiple stages of learning and memory. In mammalian hippocampus, a role for the CAMP pathway in LTP at the Schaffer collateral-CA1 synapse has been demonstrated.
When widely spaced trains of high frequency stimulation (HFS) were used, LTP was found to be sensitive to blockers of PKA (Frey et al., 1993; Matthies and Reymann, 1993; Huang and Kandel, 1994) . These investigators focused on a late phase of LTP, although a PKA-dependent early phase of LTP (91 h after HFS) has also been observed (Frey et al., 1993; Huang and Kandel, 1994) .
The mechanism of the CAMP dependence in early LTP is not known, but it is likely that different mechanisms underlie the PKA dependence of the early and late phases of LTP. The late phase is thought to rely upon protein synthesis, and it has been suggested that PKA contributes to late LTP by regulating protein expression (Nguyen et al., 1994) . However, early LTP does not require protein synthesis (Bliss and Collingridge, 1993) . To further elucidate the role of the CAMP pathway in LTP, we have investigated the mechanism by which this pathway contributes to early LTP.
Results

High Frequency Synaptic Stimulation
Activates the Postsynaptic CAMP Pathway through NMDA Receptors and Calmodulin The slow, Ca2+-dependent afterhyperpolarization (AHP) following a brief depolarizing pulse is characterized by a long decay time constant (>l s) and sensitivity to postsynaptic CAMP (Madison and Nicoll, 1986; Pedarzani and Storm, 1993) . In whole-cell recordings, a brief depolarizing current pulse produced an AHP that decayed with a time constant in the range of 1.6-3.1 s (Figure 1 A, left trace). Previous work (Pedarzani and Storm, 1993; Blitzer et al., 1994) has shown that the slow AHP recorded in the wholecell configuration is blocked by activation of the CAMP pathway. Hence, changes in AHP should be valuable as an assay for elevations in postsynaptic CAMP. We therefore attempted to detect HFS-induced increases in postsynaptic CAMP by monitoring the AHP.
In the whole-cell configuration, the delivery of a single HFS train to the Schaffer collaterals resulted in AHP suppression, which was maximal l-2 min after HFS ( Figure  IA Figure 16 ). AHP suppression could be repeatedly evoked by subsequent HFS for at least 1.5 h after impalement and was not associated with any consistent changes in resting membrane resistance, resting potential, or the depolarization produced by the current pulse.
Activation of PKA involves dissociation of the catalytic and regulatory subunits (Krebs and Beavo, 1979) . Hence, excess regulatory subunits should inhibit the enzyme. TO test whether the HFS-induced suppression of AHP is mediated by postsynaptic PKA, cells were recorded with pipettes containing regulatory subunit of PKA. In these cells, (E) Summary of whole-cell experiments on.HFS-induced AHP suppression. The mean inhibition of the AHP for each treatment is shown. An asterisk indicates a significant difference (p < .05) from the control group (HFS delivered 52-60 min after breakthrough; n = 6). AHP suppression was reduced Carbachol-induced inhibition 64 f 7, n = 5 57 -c 5, n = 3 2P f 7, n = 5 63 f 9, n = 7 63 f 14. n = 3
Control 92 f 8, n = 3 Rp-CAMPS (10 mM, >42 min) 66 f 6, n = 3
The numbers in parentheses denote the concentration of the drug in the recording pipette and the duration of recording at the start of agonist application.
Norepinephrine (1 uM) and carbachol (10 PM) were applied in the bath for 2 min. Data are expressed as group means it SEM. a Norepinephrine control datawere obtained <I 0 min after impalement with electrodes containing 10 mM Rp-cAMPS. b Indicates significant difference (p < .05) from control, based on Newman-Keuls analysis.
HFS-induced suppression of the AHP was blocked (Figures 1C and 1 E) . The involvement of the CAMP pathway was confirmed with Rp-CAMPS, an inhibitor of PKA (Van Haastert et al., 1984) which also blocked HFS-induced suppression of the AHP (Figures 1 D and 1 E) . The ability of the regulatory subunit of PKA and Rp-CAMPS to prevent AHP suppression indicates that HFS activates the postsynaptic CAMP pathway. A limitation of whole-cell recording is the limited recording time during which LTP can be induced (Malinow and Tsien, 1990) which prohibits experiments involving pharmacological manipulations prior to LTP induction. This problem can be avoided by the use of sharp electrodes for intracellular recording. Since the delivery of substances from sharp electrodes is reduced relative to pipettes used in whole-cell recordings, higher concentrations of pharmacological agents are routinely included in sharp electrodes. We determined the electrode concentration of Rp-CAMPS that selectively inhibits the CAMP pathway by testing the effect of Rp-CAMPS on wellcharacterized CAMP-dependent and CAMP-independent neurotransmitter responses. In control cells, the CAMPdependent inhibition of AHP by norepinephrine (NE; Madison and Nicoll, 1986) could be reliably repeated for more than 2 h. The effect of norepinephrine was significantly reduced 40 min after impalement with electrodes containing 10 mM Rp-CAMPS, but not with 1 mM RpcAMPS (Table 1) . Thus, 10 mM of Rp-CAMPS in the electrode applied for 40 min was adequate but not excessive to inhibit the effect of NE on the AHP. Muscarinic agonists also inhibit the AHP, but in a CAMP-independent manner by 3 uM PKA regulatory subunit (HFS delivered 45-77 min after breakthrough; n = 5) or by 200 uhf Rp-CAMPS (HFS delivered 40 min after breakthrough; n = 4). AHP suppression in the PKA-R and Rp-CAMPS groups was not statistically significant (for both, p > .05). Calibration, 2 mV12 s. Rp-CAMPS was present in the recording pipette at a concentration of 10 mM, and serotonin (10 FM) was applied in the bath for 2 min. Data are expressed as means + SEM. The groups did not differ significantly based on a two-tailed t test. a Duration of recording at the beginning of agonist application. (Pedarzani and Storm, 1993; Blitzer et al., 1994) . Rp-CAMPS did not affect the response to the muscarinic agonist carbachol (Table 1) . We studied an additional CAMPindependent response, the membrane hyperpolarization produced by serotonin, which is mediated by pertussis toxin-sensitive G proteins (Andrade et al., 1986) . The response to serotonin was also intact in cells impaled with electrodes containing Rp-CAMPS (Table 2 ). Thus, 10 mM Rp-CAMPS in sharp electrodes was used to specifically probe the role of the CAMP pathway in AHP suppression following synaptic stimulation.
To obtain AHP suppression with sharp electrodes, a more robust stimulation was needed. In the absence of a phosphodiesterase inhibitor, a single train of HFS or three widely spaced trains (10 min apart) did not suppress the AHP ( Figure 2C ). However, AHP suppression was reliably produced by the series of three widely spaced trains when phosphodiesterase was inhibited ( Figure 2A , upper traces, and Figure 2C ). The requirement of a phosphodiesterase inhibitor for AHP suppression is consistent with the effect being mediated by the CAMP pathway.
The reduced sensitivity of the AHP to HFS in sharp electrode recordings agrees with the observation that the AHP recorded in this mode is generally less sensitive to activation of the CAMP pathway. Thus, in sharp electrode recordings, bath application of 200 uM 8-Br-CAMP inhibited AHP by 51% f 5% (n = 7) whereas 10 uM 8-Br-CAMP exerted a similar effect in whole-cell recordings (37% + 8% inhibition of AHP; n = 5). The mechanism for the heightened responsivity of the AHP in whole-cell recordings is unknown. One possible explanation would be the washout of some diffusible cytoplasmic factor that normally opposes the effect of PKA, such as a soluble phosphatase.
Both AHP suppression and LTP could be observed in the same cell ( Figure 2A , upper and lower traces). Thus, the same conditions that elevated postsynaptic CAMP also induced LTP.
When IO mM Rp-CAMPS was included in the recording electrode, HFS-induced suppression of the AHP was blocked (Figures 28 and 2C ), in agreement with the effects of Rp-CAMPS and the regulatory subunit of PKA obtained in the whole-cell patch recordings. This indicated that AHP suppression could be used as a functional assay for postsynaptic CAMP elevation using sharp electrodes.
The mechanism by which HFS elevates postsynaptic CAMP was studied. There are multiple isoforms of adenylyl cyclase, some of which are stimulated by Ca2+/calmodulin (lyengar, 1993; Cooper et al., 1995) . Since intracellular Ca2+ concentration increases during HFS due to CaZ+ influx through N-methyl-b-aspartic acid (NMDA) channels (Perkel et al., 1993) , HFS may cause the activation of adenylyl cyclase via Ca*+/calmodulin.
Indeed, biochemical measurements in hippocampal slices have shown that HFS of the Schaffer collaterals results in NMDA-and calmodulin-dependent generation of CAMP in the CA1 region (Chetkovich et al., 1991; Chetkovich and Sweatt, 1993; Frey et al., 1993) . However, the cellular source of the CAMP has not been identified. For example, NMDA receptors are located on interneurons in the CA1 region (Manzoni et al., 1994) and on NE-containing terminals (Pittalunga and Raiteri, 1990) and glial cells are a prominent source of CAMP in forebrain areas (Stone et al., 1990) . Thus, a variety of different cell types may contribute to the CAMP generation measured biochemically in hippocampal slices.
We used HFS-induced suppression of the AHP to investigate the pathway through which postsynaptic CAMP was elevated.
The NMDA receptor antagonist aminophosphono-valeric acid (APV) blocked AHP suppression ( Figure 2C ), indicating that NMDA receptors are involved in the HFS-induced generation of CAMP in the postsynaptic neuron. To test whether the influx of Ca*+ through the NMDA receptor channel activated postsynaptic adenylyl cyclase through calmodulin, cells were impaled with electrodes containing a calmodulin-binding peptide, CBPZa,-309 (Kelly et al., 1988) , which prevents calmodulin from interacting with its effecters. In these cells, HFS failed to suppress the AHP ( Figure 2C ). The effect of CBP2B,-3,,9 in relieving AHP suppression was specific, since in other experiments the peptide did not block the NE-induced inhibition of the AHP (Table 1) . These results indicate that HFS capable of inducing LTP raises CAMP levels in postsynaptic neurons by NMDA receptor-mediated activation of calmodulin-sensitive adenylyl cyclases (i.e., AC-l or AC-8).
The Postsynaptic CAMP Pathway Is Necessary for Early LTP We next asked whether LTP requires activity in the postsynaptic CAMP pathway. LTP was induced by three widely spaced HFS trains. To confirm that this protocol induces CAMP-dependent LTP, slices were tested in the presence and absence of Rp-CAMPS in the bath ( Figure 3A ). When HFS was delivered in the presence of Rp-CAMPS, LTP decayed more rapidly than in control slices. By40 min after the last HFS train, LTP recorded in the Rp-CAMPS-treated slices was significantly smaller than control LTP. One hour after the last train of HFS, the two Rp-CAMPS groups did not differ, indicating that LTP had completely decayed by this time in the presence of Rp-CAMPS.
To determine whether it is the postsynaptic CAMP pathway that is required for LTP, cells in CA1 were impaled with sharp electrodes containing 10 mM Rp-CAMPS (Figures 38 and 3C) . Following HFS, the potentiation of the intracellular excitatory postsynaptic potential (EPSP) decayed even more rapidly than that obtained with bath- inhibitor ("Con"; n = 4); only these two groups differed significantly from Con. The effect of HFS in the presence of lBMX was significantly reduced by intracellular Rp-CAMPS (10 mM for 40 min; n = 4) or CBP281.308 ("CBP"; 200 NM perhaps reflecting a higher intracellular concentration of Rp-CAMPS. Five min after the final train, synaptic potentiation in the Rp-CAMPS-treated cells was no longer statistically significant. Simultaneously recorded field EPSPs ( Figure 3C ) did not decline over the same period of observation, confirming that the slices remained healthy through the recording period. Thus, the CAMP pathway is required for early LTP, in addition to its previously reported role in late LTP.
Besides inhibiting PKA, Rp-cAMPS is a relatively weak blocker of cyclic GMP-dependent protein kinase (PKG) (Hofmann et al., 1985) . To determine whether the inhibition of LTP by Fip-CAMPS could be attributed to effects on postsynaptic PKG, we performed LTP experiments with both bath-applied and postsynaptically applied Rp-8-BrcGMPS, a potent and selective inhibitor of PKG (Zhuo et al., 1994) . A preliminary experiment determined that Rp-8-Br-cGMPS, injected into the postsynaptic cell, does not inhibit postsynaptic PKA, since the inhibition of the AHP by NE was intact in these cells (Table 1) .
Bath application of 0.1 PM Rp-&Br-cGMPS inhibited LTP ( Figure 4A ), in agreement with previously reported results (Zhuo et al., 1994) . However, in cells recorded with sharp electrodes containing 10 mM Rp8-Br-cGMPS, normal LTP was observed (Figures 48 and 4C ). Since the concentration of Rp8-Br-cGMPS in the electrode was lOO,OOO-fold higher than its effective bath concentration, postsynaptic PKG does not appear to play a role in LTP, and the inhibition of LTP by postsynaptic application of Rp-CAMPS cannot be attributed to an effect on PKG. Furthermore, the inability of postsynaptic Rp-8-Br-cGMPS to inhibit LTP indicates that the effect of Rp-CAMPS cannot be ascribed to any nonspecific effect of cyclic nucleotides. Finally, the high potency of bath-applied Rp-&Br-cGMPS, together with the relatively high concentration injected into the postsynaptic cell, indicates that the effect of Rp-8-BrcGMPS was restricted to the postsynaptic cell, and it is likely that postsynaptically injected Rp-CAMPS was similarly confined.
A comparison of the results of previous studies suggests that widely spaced trains of HFS are more effective than closely spaced trains in generating PKA-dependent LTP (Frey et al., 1993; Matthies and Reymann, 1993; Huang and Kandel, 1994; Weisskopf et al., 1994) . To establish whether PKA-dependent LTP is in fact limited to widely spaced trains of HFS, we tested other stimulation patterns. When a single 100 Hz, 1 s train was used, the resulting early LTP was independent of PKA. Thus, 30 min after the train, the EPSP measured 203% f 18% (n = 4) of baseline in control cells and 176% + 6% (n = 4) in cells recorded with Rp-CAMPS in the electrode (p > .20). We also tested a series of four closely spaced trains (each 1 s at 100 Hz, separated by 20 8). With this pattern of HFS, early LTP recorded with Rp-CAMPS-containing electrodes was significantly less than in closely spaced controls for 40 min; n = 4), and dy bath-applied APV (JO0 stM; n = 4). Asterisks indicate significant differences from the lBMX group. Calibration, 2 mV12 s for AHP traces and 7 mV120 ms for EPSP traces. .
(140% f 10% of baseline at 30 min after HFS [n = 51 versus the control value of 186% + 16% [n = 7); p < .05), indicating that LTP was dependent on postsynaptic CAMP. However, the effect of Rp-CAMPS was significantly less than that observed following widely spaced HFS (see Figure 38 ). The reduced PKA dependence of LTP following closely spaced HFS may help to explain the ineffectiveness of a bath-applied Rp-CAMPS analog in blocking LTP reported by Weisskopf et al. (1994) who used HFS similar to our closely spaced pattern. In control slices ("HFS"; n = 6). LTP was induced with HFS and followed for 2 h afler the first train. In the other groups, Rp-CAMPS (100 PM) was introduced to the superfusate 15 min prior to the first tetanus and was not removed (indicated by hatched bar). One of these groups ("HFS + Rp-CAMPS"; n = 4) was stimulated in the same manner as the HFS control; the other ("Rp-CAMPS"; n = 4) served as a control for the effect of Rp-CAMPS, and did not receive HFS. Note that the potentiation obtained in the presence of Rp-CAMPS decayed more rapidly than that of HFS controls. Rp-CAMPS by itself produced asmall but significant (p < ,001) suppression of the EPSP. Asterisks indicate significant differences from the HFS + Rp-CAMPS group, and the dashed line , 1991) . If this mechanism underliescAMP-dependent LTP, then postsynaptic application of CAMP should increase the amplitude of the intracellular EPSP. Cells were impaled with electrodes containing the nonhydrolyzable CAMP analog Sp-CAMPS, and both the EPSP and the AHP were monitored. Sp-CAMPS caused a rapid inhibition of the AHP, which was usually fully blocked by the earliest measurement (<5 min after impalement). However, over a 60 min period following impalement with electrodes containing Sp-CAMPS, the EPSP increased only slightly (Figure 5A) , an effect that was also seen in control cells and that may reflect a gradual recovery of the cell following impalement. Thus, at a concentration and exposure time adequate for Rp-CAMPS to block LTP, Sp-CAMPS did not increase the EPSP above control. The absence of an intrinsic effect of postsynaptic Sp-CAMPS within an hour of re- cording is clearly different from the slow enhancement of the EPSP described following bath application of Sp-CAMPS, which has been related to the late phase of LTP (Frey et al., 1993; Nguyen et al., 1994) . Our results can be compared with those of Chavez-Noriega and Stevens (1992, 1994) , who showed a pronounced enhancement of synaptic transmission when the CAMP pathway was activated by bath application of combined forskolin and isobutylmethylxanthine (IBMX). This effect was due entirely to increased release of transmitter (Chavez-Noriega and Stevens, 1994) , and thus is consistent with the absence of a direct postsynaptic effect of CAMP pathway activation on synaptic efficacy.
Since we found that the AHP was completely blocked very soon after impalement with electrodes containing Sp-CAMPS, it could be argued that the effect of the nucleotide on the EPSP was complete before the first measurements were obtained. To rule out this possibility, we performed a series of experiments with electrodes containing CAMP, which caused a more gradual blockade of the AHP ( Figure  5B ). However, even under these conditions, there was no significant increase in EPSP amplitude ( Figure 5A ), indicating that the failure of the EPSP to increase in the presence of Sp-CAMPS was not due to a failure to detect an early effect.
Inhibition of Postsynaptic
Protein-Phosphatase Reverses the Effect of Rp-CAMPS on LTP The complete inhibition of LTP by Rp-CAMPS showed that the CAMP pathway did not simply add a component to LTP, but rather that early LTP was entirely dependent on postsynaptic PKA. Since increasing postsynaptic CAMP did not enhance synaptic efficiency, the CAMP pathway does not transmit the signal for early LTP. The behavior of the CAMP pathway is more consistent with that of a gate. A gate would permit signal flow through other pathways, but would not itself be responsible for producing the observed physiological response. How would a pathway that normally functions to transmit signals act instead as a gate? The answer may lie in the interaction between phosphoprotein phosphatases and protein kinases in regulating signal flow. In the present case, PKA can inhibit protein phosphatases via inhibitor-l (Huang and Glinsmann, 1976) , and may thereby permit signal flow through other pathways involving protein kinases such as'CaMKII and PKC, which are required for LTP (Malinow et al., 1989; Silva et al., 1992; Pettit et al., 1994) . In this line of reasoning, the protein phosphatases are downstream of PKA, and inhibitors of protein phosphatases should protect LTP from blockade by Rp-CAMPS.
Microcystin-LR is a cyclic hexapeptide that is a specific protein phosphatase blocker (Honkanen et al., 1990; MacKintosh et al., 1990) . When microcystin-LR was included in the recording electrode, it prevented Rp-CAMPS from inhibiting LTP without showing any intrinsic effect on LTP ( Figures 6A and 66) . Since microcystin-LR is membrane-impermeant, its ability to protect LTP from Rp-CAMPS indicates that the CAMP pathway is inhibiting postsynaptic protein phosphatases.
We also used another protein phosphatase inhibitor, okadaic acid (Nishiwaki et al., 1990) , which was applied in the recording electrode. As shown in Figures 6C and 6D , LIP was intact in the presence of okadaic acid, even with Rp-CAMPS in the electrode. In contrast, the inactive analog nor-okadaone (Nishiwaki et al., 1990) did not protect LTP from Rp-CAMPS inhibition ( Figures 6C and 6D ). These data support the hypothesis that the CAMP pathway functions through phosphoprotein phosphatases to gate LTP.
Discussion
Multiple Phases of LTP and the Role of the CAMP Pathway Distinct phases of LTP have been described, distinguished by their duration and sensitivity to inhibitors of protein kinases or protein synthesis (Bliss and Collingridge, 1993) . Thus, a relatively early phase (<3 h in duration) requires protein kinase activity, but only a later phase depends upon protein synthesis. When we applied Rp-CAMPS in the bath, LTP decayed within the first hour. An even faster decay was obtained when the inhibitor was directly injected into the cell. The relatively slow decay associated with the extracellular application of PKA inhibitors has led some authors to conclude that the CAMP signaling pathway is involved only in a late phase of LTP (Matthies and Reymann, 1993) whereas others have concluded that CAMP may be responsible for an early LTP component that is superim- posed on a CAMP-independent LTP (Huang and Kandel, 1994) . Extracellular application of Rp-CAMPS may yield lower intracellular concentrations and weaker effects than those obtained upon intracellular injection of the inhibitor. In the present experiments, the suppression of LTP by Rp-CAMPS was complete within an hour following HFS. We therefore conclude that PKA activity is required for expression of early LTP at the Schaffer collateral-CA1 synapse.
Studies using the PKA activator Sp-CAMPS indicate that CAMP pathway is responsible for the late protein synthesis-dependent phase of LTP (Frey et al., 1993; Nguyen et al., 1994) . Our observations did not extend beyond 100 min following HFS stimulation and so do not address the role of the CAMP pathway in a later phase of LTP. However, the literature indicates that the CAMP pathway plays a signaling role in late LTP, rather than the gating function shown for early LTP, since the late phase is occluded by the gradual increase in synaptic efficiency produced by bath application of Sp-CAMPS (Frey et al., 1993) .
The Gating of the LTP Cascade The present results suggest an important distinction between signaling pathways that communicate the signals required to evoke LTP and those that function as gates to regulate the establishment of LTP. An LTP signaling pathway would be characterized by mimicry and occlusion of LTP, typified by CaMKII. The expression of a constitutively active fragment of CaMKll in the postsynaptic neuron results in enhanced synaptic transmission and occlusion of further potentiation by an LTP-inducing protocol (Pettit et al., 1994) . On the other hand, postsynaptic PKA acts to gate LTP, since inhibition of this enzyme prevents LTP but PKA activators do not enhance synaptic transmission.
Our data indicate that the postsynaptic CAMP pathway functions as a gate by regulating the activity of phosphoprotein phosphatases. Signal flow through the transmittal and gating pathways is summarized in Figure 7A , which incorporates the data presented in this paper. Figure 78 presents a hypothetical mechanism by which the CAMP pathway may regulate protein phosphatase activity and function as a gate in LTP. In response to HFS, Ca2+ ions enter the cell via the NMDA receptor channels and activate Ca*+/calmodulin (Ca*+/CaM). In turn, CaZ+/CaM activates separate signaling and gating pathways. The signal is transmitted by CaMKII, which can autophosphorylate and thereby maintain itself in an active state (Colbran et al., 1988) . The subsequent phosphorylation of target proteins by activated CaMKll results in a persistent enhancement of synaptic transmission (McGlade-McCulloh et al., 1993; Pettit et al., 1994) .
Ca2+/CaM can also activate calcineurin and adenylyl cyclase (AC-l or AC-8). Together, these enzymes de- (1983) and Lisman (1989 Lisman ( , 1994 . The signaling role Of CaMKll has been recently described (Pettit et al., 1994) . The regulation of phosphoprotein phosphatase activity by calcineurin and inhibitor-l is speculative for LTP. but has been shown in other systems (Shinolikar and Nairn, 1991; Mulkey et al., 1994 termine the phosphorylation state of inhibitor-l (l-l), which regulates protein phosphatase 1 (PPl; Shinolikar and Nairn, 1991). Calcineurin would dephosphorylate and inactivate l-1, allowing PPl to disrupt the CaMKll signaling pathway (Lisman, 1989 (Lisman, , 1994 Mulkey et al., 1994) . If left unopposed, active PPl may prevent LTP by returning CaMKll and its targets to their unphosphorylated states. However, adenylyl cyclase antagonizes the effects of calcineurin by producing CAMP. The resulting activation of PKA would inhibit PPl by phosphorylating I-1. Thus, calcineurin should act to close the gate that regulates LTP, while PKA maintains the gate in the open state. When PKA is inhibited, PPl activity is unopposed and LTP fails. Our results with different patterns of HFS suggest that widely spaced trains may be particularly effective in activating calcineurii, so that LTP induced by these patterns is most strongly dependent on postsynaptic CAMP. Since a single train of HFS generated LTP that was independent of the CAMP pathway, this stimulation was apparently not adequate to activate calcineurin to a significant degree.
The Postsynaptic
Density Contains the Enzymatic Machinery for the Signaling and Gating of LTP The postsynaptic density is a submembrane specialization thought to be involved with synaptic plasticity (Kennedy, 1993) . With the recent localization of adenylyl cyclase to the postsynaptic density (Mons et al., 1995) almost all the enzymesof the model in Figure78 are known to be present in this structure. Thus, the major enzyme of the proposed signaling pathway, CaMKII, is highly concentrated in the postsynaptic density (Kennedy et al., 1983) . In the gating pathway, constituents of the postsynaptic density include adenylyl cyclase (Mons et al., 1995) PKA (Carr et al., 1992) calcineurin (Coghlan et al., 1995) and PPl (Dosemeci and Reese, 1993) . In addition, the postsynaptic density contains AKAP, an anchoring protein that binds PKA and calcineurin (Coghlan et al., 1995) . Thus, the two opposing components of the putative LTP gating pathway may be positioned in close proximity and anchored to the postsynaptic density by AKAP, favoring the regulation of I-1 in or near the postsynaptic density and in the vicinity of its target, PPl. I-1 has yet to be detected in the postsynaptic density, but the ability of postsynaptically applied phosphorylated (activated) inhibitor-l (I-l-P) to regulate phosphatase-dependent changes in synaptic efficiency (Mulkey et al., 1994) suggests that I-1 normally acts on PPl within the dendritic spine.
Gating by the CAMP Pathway: A General Regulatory Mechanism? Generally, transduction pathways transmit signals from receptors to effecters, so that activation of the pathway is sufficient to produce a response. The CAMP pathway evokes many well-characterized responses, including the activation of enzymes involved in sugar metabolism such as glycogen phosphorylase (Krebs and Beavo, 1979) transcription factors such as CREB (Lee and Masson, 1993) , and the modulation of ion channels (Sculptoreanu et al., 1993) . For each of these responses, the effect of receptorstimulated CAMP production can be mimicked by direct activation of PKA.
Our data reveal a new function for the CAMP pathway in early LTP: that of a gate. This gating property of the CAMP pathway is manifested in other biological processes. Transformation of NIH-3T3 cells by H-Ras is blocked by elevation of CAMP levels, even though a change in CAMP does not by itself affect proliferation of these cells (Chen and lyengar, 1994) . Elevation of CAMP and the concomitant activation of PKA have been shown to inhibit signal transmittal through the MAP kinase pathway (Cook and McCormick, 1993; Graves et al., 1993; Wu et al., 1993; Chen and lyengar, 1994) . In early mouse development, differentiation induced by Sonic Hedgehog is blocked by increased CAMP, although such elevation by itself does not affect differentiation (Fan et al., 1995) . In Drosophila as well, the CAMP pathway appears to gate the morphogenic Hedgehog signal, rather than functioning as a component of the Hedgehog signaling pathway (Blair, 1995; Jiang and Struhl, 1995; Li et al., 1995; Perrimon, 1995) . In all of these cases, the conserved function of the CAMP pathway as a gate is to block signal flow through other pathways. In contrast, in LTP the CAMP pathway functions to keep the gate open, thus allowing the signal to evoke a physiological response. Further, in LTP the CAMP pathway is activated by external signals and thus may function as a stimulus-activated gate, whereas at least in the case of Drosophila development, the role of the CAMP pathway appears to be more passive, in that basal activity is sufficient to suppress signals from Hedgehog (Jiang and Struhl, 1995) .
Thus, the CAMP pathway acts as a gate in phenomena as diverse as long-term synaptic potentiation, cell proliferation, and early development, despite some differences in the detailed operation of the gate in these processes. Such gating may provide a general mechanism by which signals are integrated at the level of a single cell to evoke a complex biological response. Although it is apparent that the CAMP pathway serves to gate signals in numerous responses, it remains to be determined whether gating is a widespread property of other signal transduction pathways as well.
Experimental Procedures
Sprague-Dawley rats (125-200 g) were deeply anesthetized with halothane and decapitated. The brain was rapidly removed and placed in ice-cold artificial cerebrospinal fluid (ACSF) containing 118 mM NaCI, 3.5 mM KCI. 1.3 mM MgSOI, 3.5 mM CaC&, 1.25 mM NaH2POI, 24 mM NaHC03. and 15 mM glucose, bubbled with 95% 02/5% CO,. The hippocampus was then rapidly dissected out and transverse slices of 400 pm thickness were made on a tissue chopper. The slices were maintained in an interface chamber (ACSF and humidified 95% 02/ 50/o COZ atmosphere) at room temperature for at least 1 h before removal for recording. Recording was done in submersion chambers at 29OC-3l"C, with the slices immobilized between nylon meshes. In most experiments, the slices were constantly superfused with ACSF gravity fed from reservoirs.
In those experiments where RpcAMPS was applied in the superfusate, a recirculating chamber similar to one previously described (lhiemann et al., 1986) was used. For synaptic experiments, a cut was made in each slice between areas CA3 and CAl, and picrotoxin (50 PM; Sigma) was added to the ACSF. A bipolar concentric stainless steel electrode was placed in stratum radiatum of the CA1 region, and the Schaffer collaterals were stimulated with monophasic pulses 100 us in width. Field recordings were obtained with electrodes filled with 2 M NaCl (R. = 3-5 Ma) and placed in the stratum radiatum. For intracellular recording with sharp electrodes, cells in CA1 stratum pyramidale were impaled with electrodes containing 3 M KCI (R. = 60-90 Ma). A series of test pulses (4 pulses at 0.2 Hz) was given every 5 or 10 min, and the EPSPs within each series were averaged.
EPSP amplitude and maximum initial slope (defined as the greatest slope within any 1 ms interval between the stimulus artifact and the EPSP peak) were measured off-line for the averaged waveforms. LTP was induced by three trains of 100 pulses delivered at 100 Hz, separated by IO min, a protocol that has been shown to induce cAMPdependent LTP in the CA1 region (Frey et al., 1993; Matthies and Reymann. 1993) . In exclusively extracellular LTP experiments, the stimulus intensity during HFS was adjusted to produce a 1 mV field EPSP. Rp-CAMPS and Rp-8-Br-cGMPS (both from Biolog) were dissolved in ACSF and applied in the superfusate.
The AHP was evoked by a 100 ms, 1 nA depolarizing pulse from a membrane potential of -60 mV. In IBMX, which was generally present for sharp electrode experiments on HFS-induced AHP suppression, the AHP often decreased and synaptic noise increased. Two methods were used lo measure the AHP: the amplitude 1 s after the depolarizing pulse was measured directly from the traces, or a single exponential decay was fit to the AHP beginning at 300 ms after the pulse and the extrapolated amplitude of the AHP at t = 0 determined. In a subset of 14 cells, the effect of HFS was determined using both methods, and the percentage of AHP suppression agreed within 1.4% f 2.2%. Intracellular
EPSPs were obtained from a membrane potential of -80 mV. The protocols for producing and monitoring intracellular LTP were as described for field recording, except the criterion for stimulus intensity used in HFS was an intracellular EPSP of 20-30 mV. In all experiments, HFS was delivered at least 40 min after impalement, when the basal EPSP had been stable for at least 10 min. For intracellular injections, CAMP (Sigma), Rp-CAMPS, Rp-8-BrcGMPS, SpcAMPS (Biolog), and CBP,,,., (Bachem) were dissolved in the normal electrode solutions. Microcystin-LR (Calbiochem) was prepared as a stock solution in ethanol, diluted to 5% in the electrode. Okadaic acid and norakadaone (LC Laboratories) were prepared as stocks in dimethyl sulfoxide, diluted to 0.1% in the electrode. All substances were allowed to diffuse from the recording electrode.
Norepinephrine, carbachol, serotonin, IBMX, and APV (all from Sigma) were dissolved in ACSF and applied in the superfusate.
RO 20-1724 (Research Biochemicals) was prepared as a stock solution in dimethyl sulfoxide, yielding a final bath concentration of 0.1% dimethyl sulfoxide.
Whole-cell recordings were made with the "blind" method (Blanton et al., 1989) with patch pipettes having resistances of 2.5-4 MbZ. The pipettes were filled with solution containing 128 mM K-gluconate, 40 mM HEPES, 2 mM MgCI,, 4 mM KrATP, 0.3 mM N&GTP, 0.6 mM EGTA, 20 mM creatine phosphate, and 50 U/ml creatine phosphokinase (adjusted to pH = 7.4 with KOH). The AHP was evoked and measured as described for intracellular recording.
In some experiments, pipettes were backfilled with the standard solutio? containing Rp-CAMPS or the regulatory subunit of PKA (Promega). Data were analyzed using two-tailed t tests or, where appropriate, ANOVAs followed by Newman-Keuls tests. Summary data are presented as group means with standard error bars.
